Due to severe motor impairments and the lack of expressive language abilities seen in most patients with Rett Syndrome (RTT), it has proven extremely difficult to obtain accurate measures of auditory processing capabilities in this population. Here, we examined early auditory cortical processing of pure tones and more complex phonemes females with confirmed mutation of the MECP2 gene. We recorded high-density auditory evoked potentials (AEP), which allow for objective evaluation of the timing and severity of processing deficits along the auditory processing hierarchy. We compared AEPs of 12 females with RTT to those of 21 typically developing (TD) peers aged 4-21 years, interrogating the first four major components of the AEP (P1: 60-90ms; N1: 100-130ms; P2: 135-165ms; N2: 245-275ms). Atypicalities were evident in RTT at the initial stage of processing. Whereas the initial P1 showed increased amplitude to phonemic inputs relative to tones in TD participants, this modulation by stimulus complexity was absent in RTT. Interestingly, the subsequent N1 did not differ between groups, whereas the following P2 was hugely diminished in RTT, regardless of stimulus complexity. The N2 was similarly smaller in RTT, and did not differ as a function of stimulus type. The P2 effect was remarkably robust in differentiating between groups with near perfect separation between the two groups despite the wide age range of our samples. Given this robustness, along with the observation that P2 amplitude was significantly associated with RTT symptom severity, the P2 has the potential to serve as a biomarker of treatment efficacy. Significance statement: Our study points to dramatic reduction of the P2 component of the auditory evoked potential (AEP) as a potentially reliable biomarker of Rett Syndrome severity, with prospective applicability as an objective readout (neuromarker) of change in functional brain activity following therapeutic interventions administered in the context of clinical trials. 4 Compellingly, the reduction of P2 amplitude in patients with RTT mimics findings in animal models of RTT, providing a translational bridge between pre-clinical and human research. While there is some AEP research using frequency-specific tone-pip stimuli in RTT 1 2 syndrome, AEPs in response to more complex sounds such as speech, have not yet been 1 3 closely examined. Given that a key question in the RTT population is the extent to which non-or 1 4 minimally-verbal individuals can process and understand the spoken word, there is an 1 5 imperative to map cortical auditory processing abilities in these individuals. Recent reports by 1 6
INTRODUCTION
1 2 in the TD group, an effect that was not present in the RTT group (t(11) = 0.046; p = 0.964, 1 Figure 3 ). The N1 amplitude was reduced in response to phonemes compared to tone stimuli, 2 similarly across groups, with a significant main effect of stimulus-type, but no significant Group 3 effect nor interaction of Stimulus-type by Group. 4 In contrast to the PI and N1, the P2 component differed substantially between the RTT 5 and TD groups, but was not modulated by stimulus type ( Table 2) . As can be seen in Figure 2 , 6 whereas there is a clear and prominent P2 component in the TD group for both Tones and 7 Phonemes, at the group level it appears to be entirely absent in participants with RTT. The lack 8 of statistical difference between P2 in response to Phonemes and Tones suggests that the P2 9 amplitudes in these two conditions should be considered together, thus we averaged P2 observed for TD participants (and these were still smaller than the average across TD 1 3 participants). A significant Pearson correlation between RSSS and P2 amplitude suggests 1 4 relevance of the P2 component to clinical RTT manifestation (r(12) = -0.62, p = 0.032, Figure 5 ).
5
By placing a decision threshold at a P2 amplitude of + 0.63 µV, RTT patients can be 1 6 distinguished from controls with 100% specificity and 75% sensitivity. The N2 response was also significantly reduced in RTT (main effect of group, Table 2 , 1 8 Figure 6 ). However, the result is a less robust indicator of group membership than the P2 1 9 component: only about 50% of RTT patients' N2 amplitudes lie below the minimum N2 2 0 amplitude value seen in the TD group. and N2 topographies, in contrast, showed clearly distinguishable spatial distributions between 1 groups, with a fronto-central maximum observed only in the TD group, while maps for the RTT 2 group were clearly atypical ( Figure 6 ). The results of this analysis confirmed the results of the primary analysis. No significant 6 between-group differences were evident for P1 and N1 components, with their amplitudes and 7 latencies essentially being typical in patients with RTT (Table 3 ). P2 and N2 components were 8 significantly attenuated as well as delayed in patients with RTT. However, P2 latency delay was 9 much less pronounced than the P2 amplitude reduction outlined above. Our study confirmed developmental decreases in P1 and N2 amplitudes and increases 1 3 in N1 strength in the TD group but was not adequately powered to detect between-group 1 4 differences in the developmental trajectory of AEP components (Table 4 ).
1 5 1 points to the relevance of P2 enhancement for effective task performance. 2 In the current study, the P2 component was drastically attenuated in patients with RTT, a 3 pattern seen both in response to phonemes and tone-pips. Given the previous literature, it 4 seems reasonable to posit that the greatly reduced P2 amplitude in RTT likely indexes severely 5 affected automatic integration and retrieval of auditory stimulus statistics, and that this would 6 diminish or even preclude effective processing of the auditory scene. The amplitude of this most 7 severely affected component was below the minimal TD value in 9 out of 12 RTT subjects 8 (75%), pointing to the clinical relevance of the P2 effect, and this clinical relevance is further 9 bolstered by the significant correlation between P2 amplitude and the severity of Rett 1 0 symptomatology, here somewhat crudely measured by the RSSS. The link between RSSS and 1 1 auditory P2 might be explained by general neural abnormalities manifest in parallel in RTT.
2
However they might be also be linked to some specific abnormalities in particular brain regions 1 3 contributing to both effects. While RSSS is an integrative measure covering multiple domains, 1 4 most of these can be linked to subcortical deficits, e.g. hypotonia, breathing irregularities, 1 5 sleeping problems. Taking into account that the reticular-thalamo-cortical activating system was 1 6
reported to contribute to the amplitude of the P2 (Velasco et al., 1989) , both the clinical 1 7 symptoms and P2 reduction in patients with RTT might be related to brainstem deficiencies.
8
It is worth pointing out that P2 abnormalities have also been reported in other clinical 1 9 populations, such as atypical modulations of P2 by inter-stimulus interval (Jaffe-Dax et al., 2 0 2017) and stimulus statistics (Jaffe-Dax et al., 2015) in children with a diagnosis of dyslexia.
1
However, the substantial P2 reduction seen here during passive listening seems to be specific 2 2 to patients with RTT. The next N2 component is generated in the vicinity of auditory cortex (Ponton et al., 1 2002) with potential additional sources in frontal cortex (Karch et al., 2010) . This component has 2 been related to the inhibition of irrelevant information, as it shows attenuation with stimulus 3 repetition (Karhu et al., 1997) in children and young adults, and it is also reduced in elderly 4 subjects compared to younger adults (Bertoli and Probst, 2005; Harris et al., 2012; Stothart and 5 Kazanina, 2016) . N2 reduction has also been reported in children with developmental dysphasia 6 (Korpilahti and Lang, 1994) and other language impairments (Neville et al., 1993) . Further 7 supporting a relationship between N2 and language processing abnormalities, a longitudinal 8 study found that decreased N2 amplitudes to non-speech stimuli between the ages of 4 and 8 9 years was associated with subsequent poorer word reading at school (Espy et al., 2004) . As 1 0 such, the current finding of robust N2 attenuation in patients with RTT may index deficient 1 1 inhibitory processes that are a prerequisite for typical language development. Since the discovery that mutations of MECP2 were causal to Rett Syndrome, this 1 5 disease has been actively studied in pre-clinical animal models with targeted genetic 1 6 manipulations (Guy et al., 2001; Shahbazian et al., 2002; Panayotis et al., 2011; Goffin et al., 1 7 2012). In addition to behavioral manifestations of Rett Syndrome, such as pronounced 1 8 stereotypic forelimb motions, uncoordinated gait, reduced spontaneous movement, and irregular 1 9 breathing, AEP components were also found to be abnormal in the rodent model of RTT (Goffin   2  0   et al., 2012; Liao et al., 2012; Engineer et al., 2015) . Our study bridges the animal and human 2 1 research by examining similar AEP components to those studied in rodent models of RTT. The was examined (Engineer et al., 2015) . Noteworthy, in spite of evident attenuation of P2 and N2 5 components in Mecp2-deficient rats (Engineer et al., 2015) , these rats learned to discriminate 6 speech sounds similarly to wild-type animals. The mutant animals' speech discrimination 7 performance became significantly poorer than that of wild-types only in a more challenging 8 condition that included background noise. Thus, the observed AEP abnormalities might not be 9 crucial for simple auditory discrimination tasks but necessary for complex sound discrimination A limitation here was the broad age-range of participants, given that the AEP 2011). Another issue was that we did not acquire hearing tests on the day of 1 6 experimentation from RTT patients due to difficulties in assessing it in this population.
7
However, the presence of prominent P1 and N1 components in the RTT group, clearly 1 8 indicates that they could detect and decode auditory information. in patients with Rett Syndrome. While the next N1 component was preserved in RTT, the later 1 AEP components, P2 and N2, were almost completely abolished. The most severely affected 2 component, the P2, was below TD levels in most RTT participants and was associated with 3 symptomatology. Moreover, unlike other components, P2 was stable across development. As 4 such, the P2 AEP component holds real promise as a neuromarker of RTT. It is especially 5 noteworthy that P2 attenuation has also been reported in animal models of RTT, providing a 6 potentially key translational link between this neuromarker in patients and RTT animal model 7 studies. : G  o  f  f  i  n  D  ,  A  l  l  e  n  M  ,  Z  h  a  n  g  L  ,  A  m  o  r  i  m  M  ,  W  a  n  g  I  T  J  ,  R  e  y  e  s  A  -R  S  ,  M  e  r  c  a  d  o  -B  e  r  t  o  n  A  ,  O  n  g  C  ,  C  o  h  e  n  S  ,  H  u  L  ,  1   B  l  e  n  d  y  J  A  ,  C  a  r  l  s  o  n  G  C  ,  S  i  e  g  e  l  S  J  ,  G  r  e  e  n  b  e  r  g  M  E  ,  Z  h  o  u  Z  (  2  0  1  2  )  R  e  t  t  s  y  n  d  r  o  m  e  m  u  t  a  t  i  o  n  M  e  C  P  2  2   T  1  5  8  A  d  i  s  r  u  p  t  s  D  N  A  b  i  n  d  i  n  g  ,  p  r  o  t  e  i  n  s  t  a  b  i  l  i  t  y  a  n  d  E  R  P  r  e  s  p  o  n  s  e  s  .  N  a  t  u  r  e  N  e  u  r  o  s  c  i  e  n  c  e  1  5  :  2  7  4  -3   2  8  3 . and green for the first 50 ms of Phoneme). respectively. Opaque blue and red shading illustrates the standard error of the mean. Phoneme conditions. Note the significantly smaller P1 in the Tone than in the Phoneme 2 8 condition in TD, a pattern that is not observed in the RTT group. Syndrome Severity Scale (RSSS), comorbid seizure diagnosis and ability to walk (ambulation) 1 8 are listed. Note that RTT participant #3 was excluded from the main analysis due to high 1 9
amplitude noise in the EEG that precluded derivation of an adequate AEP (indicated by the 2 0 asterisk). Table 2 . ANOVA effects. The numbering convention lists the F-Statistic value, followed by the 1 p-value, followed by the effect size expressed as eta-squared (i.e. F/p/η2). An asterisk is used 2 to further denote cells with significant findings. 3   Table 3 . Results of RTT vs. TD group comparison in Tone's AEPs characteristics. Number
